A novel Toll-like receptor 4 antagonist antibody ameliorates inflammation but impairs mucosal healing in murine colitis.
INFLAMMATORY BOWEL DISEASE (IBD) is characterized by recurrent or chronic inflammation of the intestinal tract in the absence of a specific inciting pathogen (55, 79) . Most people do not develop IBD despite the myriad microorganisms that populate the gastrointestinal tract (18, 47) . Indeed, intestinal homeostasis is dependent on the ability of the mucosal immune system to tolerate the normal commensal flora (7, 9, 40) . However, patients with IBD appear to lose this tolerance and mount an immune response against resident intestinal bacteria (17, 43) . Experimental mouse models of IBD have demonstrated that resident luminal bacteria are necessary for the induction and perpetuation of intestinal inflammation since genetically susceptible mice are protected from colitis when raised in germ-free conditions (19) . The contribution of bacteria to the pathogenesis of IBD has also been demonstrated clinically since antibiotics have some efficacy in treating Crohn's colitis as well as pouchitis suggesting that decreased bacterial load may ameliorate inflammation (54) .
The importance of dysregulated immune responses to bacteria is further supported by the fact that many of the genes associated with IBD encode molecules that play a role in innate immunity, most notably the nucleotide-binding oligomerization domain 2 (NOD-2) gene (7, 79) . In addition, the Toll-like receptor 4 (TLR4) gene region and specific TLR4 polymorphisms, Asp299gly and Thr399Ile, have been associated with susceptibility to IBD although the functional significance of these polymorphisms has not been clearly established (21, 50, 72) . This evidence suggests that abnormal innate immune responses to commensal bacteria are critical in the initiation and maintenance of the uncontrolled inflammation seen in IBD.
TLRs play a central role in mucosal innate immune regulation and may play a key role in the pathogenesis of IBD. TLRs are evolutionarily conserved transmembrane receptors that recognize pathogen-associated molecular patterns and are key initiators of the immune response. Their activation leads to the production of cytokines, chemokines, and antimicrobial molecules important in the initial innate immune response and priming of antigen specific adaptive immunity. TLR4 recognizes lipopolysaccharide (LPS), which is present in the cell wall of gram-negative bacteria. Interaction of LPS with TLR4 and its coreceptor MD-2 triggers signaling cascades mediated by MyD88-dependent and -independent pathways that lead to the translocation of the transcription factor nuclear factor kappa B (NF-B) and the production of proinflammatory cytokines and proteins (45, 52) .
TLR4 signaling is important in the recruitment of inflammatory cells and the production of inflammatory cytokines in the intestine (29, 41) . Our previous studies with TLR4-deficient mice (TLR4Ϫ/Ϫ) demonstrated that in the dextran sodium sulfate (DSS) model of colitis, TLR4Ϫ/Ϫ mice have a decreased inflammatory infiltrate in the lamina propria (24, 26) . However, TLR4Ϫ/Ϫ mice also demonstrate defects in mucosal repair in response to DSS-induced injury with decreased epithelial proliferation and increased rectal bleeding, suggesting that TLR4 signaling serves a dual role in the gut as a mediator of both inflammation and mucosal repair (24, 58) . TLR4 is normally expressed throughout the intestine at low levels both in the epithelium and in lamina propria mononuclear cells but is increased in IBD (36, 69) . Studies have demonstrated that TLR4 is present on epithelial cells in the human colon and that its expression is largely confined to cells in the crypt and is not present on cells lining the lumen (9, 28) . TLR4 is also weakly expressed on intestinal dendritic cells and macrophages in noninflamed tissue (35, 64) . We have also shown that TLR4 is expressed on CD4ϩ T cells (23) . TLR4 may contribute to the development of colitis in mouse models since its expression is increased in the colon of DSS-treated mice (48, 51) . These findings suggest that increased TLR4 expression may contribute to the initiation or perpetuation of intestinal inflammation and may be a potential therapeutic target in the treatment of IBD.
Increased understanding of the pathogenesis of IBD has identified potential targets for immunotherapy. Biologics, such as infliximab, target specific inflammatory mediators but have many side effects. Aside from antibiotics, no therapeutic interventions have focused on the dysregulated interactions between the host and commensal bacteria in IBD patients. In the present study, we sought to investigate the clinical effect of TLR4 blockade in two murine models of colitis. DSS-induced colitis is a useful model for investigating the contributions of TLR4 signaling to innate immune responses since it is not dependent on T or B cells for the induction of inflammation and it is ameliorated by antibiotics (15, 27, 34) . Although we and others have previously used TLR4Ϫ/Ϫ mice in the DSS model, there always exists a question about the developmental effects on the immune system of a complete knockout vs. temporarily dampening of TLR4 signaling. Although TLR4 is thought chiefly to contribute to innate immune responses, we and others have previously demonstrated that T cells express TLRs, including TLR4, and that TLR signaling in T cells may be an important contributor to intestinal inflammation (10, 23, 37, 80) . We therefore also investigated the effect of TLR4 blockade in the adoptive transfer model of colitis, which results in chronic colitis and wasting disease mediated by pathological T cell activation.
Since TLR4 serves a dual role as a mediator of both intestinal inflammation and repair, our study had two aims. The first aim was to examine how TLR4 blockade during DSSinduced colitis affects inflammation and clinical colitis severity. The second aim investigated how TLR4 inhibition might affect mucosal healing by administering the antibody during recovery from DSS colitis. Our findings indicate that TLR4 blockade during DSS treatment ameliorates colitis severity by decreasing the recruitment of antigen presenting cells (APCs) to the lamina propria with reduced expression of monocyteattracting chemokines and proinflammatory cytokines. In contrast, TLR4 blockade during recovery from DSS colitis impairs mucosal healing and epithelial proliferation with decreased colonic expression of COX-2, PGE 2 , and amphiregulin. Additionally, TLR4 blockade appears to have minimal efficacy in ameliorating inflammation in the transfer model of T cellmediated chronic colitis, suggesting that TLR4 is more important in modulating acute inflammation than in maintaining chronic colitis. Our findings suggest that anti-TLR4 therapy may decrease inflammation in IBD but may also interfere with mucosal healing.
MATERIALS AND METHODS
Mice and interventions. C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and kept in specific pathogen-free conditions and fed by free access to a standard diet and water. Eightto 12-wk-old sex-matched mice were given 2.5% DSS (molecular weight, 36 -50 kDa, ICN, Aurora, OH) in their drinking water and were euthanized at the end of 7 days of DSS treatment. For recovery studies, DSS was administered for the first 7 days as indicated. DSS was then removed from the drinking water and mice were euthanized 7 days after cessation of DSS treatment.
T cell adoptive transfer colitis was created by injecting CD4 ϩ CD62L ϩ cells to RAG1Ϫ/Ϫ mice obtained from Jackson Laboratories. Spleen and mesenteric lymph nodes (MLNs) were taken from C57BL/6J mice. Single cell suspensions from the spleen and MLNs were prepared to isolate CD4 ϩ CD62L ϩ T cells by using the MACS magnetic separation system (Miltenyi Biotec, Auburn, CA). Over 98% of the purified cells were CD45Rb high populations, confirmed by flow cytometry (data not shown). Isolated cells were resuspended in sterile PBS, and 5 ϫ 10 5 CD4 ϩ CD62L ϩ cells were injected intraperitoneally (ip) into each RAG1Ϫ/Ϫ mouse (3, 56) . Mice were euthanized 5 wk after T cell transfer. All experiments were performed according to the Mount Sinai School of Medicine Animal Experimental Ethics Committee guidelines and were approved by the Mount Sinai Institutional Animal Care and Use Committee.
A rat IgG2b monoclonal antibody toward the mouse TLR4/MD-2 complex called 1A6 or an isotype-matched control was injected ip at a dose of 20 mg/kg at the given time points (Fig. 1A, Fig. 5A , and Fig.  7A ). Monoclonal antibody, 1A6, targets the TLR4/MD-2 complex and has previously been described as being protective in a mouse model of sepsis (67) . To generate 1A6, male Wistar rats were immunized three times every second week by subcutaneous application of 1 ϫ 10 6 CHO cells overexpressing TLR4 and MD-2 suspended in monophosphoryl-lipid A and trehalose dicorynomycolate adjuvant (RIBI, Sigma, St. Louis, MO). Two weeks following final immunization with transfected CHO cells, rats were challenged subcutaneously with 10 g TLR4/MD-2 fusion protein in RIBI. Recombinant flag-tagged TLR4/MD-2 encompassing the TLR4 extracellular domain (aa1 to aa 629) fused to MD-2 (aa 19 to aa 170) via a peptide linker (GGGGS-GGGGSGGGGS, cloning vector pFastBac1, Invitrogen, Zurich, Switzerland) was purified from lysates of transduced SF9 cells by use of an anti-flag M2 affinity matrix (Sigma). Three days after final challenge, lymph node cells were fused with Sp2/0 myeloma cells. Hybridoma supernatants were screened for binding to TLR4/MD-2 CHO cells. Positive hybridomas were subcloned twice and monoclonal antibodies were purified from hybridoma supernatants via a protein G affinity column (GE Healthcare, Zurich, Switzerland). Antibodies were subsequently characterized for LPS blocking activity in RAW 264.7 cells and HEK293 cells overexpressing murine TLR4 and MD-2 (67). To ensure the reproducibility of our findings, we also employed a monoclonal mouse IgG1 antibody directed against the mouse TLR4/MD-2 complex. The data generated in parallel were similar (data not shown).
Assessment of colitis activity. DSS-treated mice were monitored daily for body weight, stool consistency, and stool blood with disease activity index determined as previously described (12) . Transfer model mice were monitored weekly for body weight and wasting disease. At euthanasia, the cecum and proximal and distal halves of the colon were removed and fixed in 10% buffered formalin, paraffinembedded, sectioned, and stained with hematoxylin and eosin (H&E). Histological assessment was performed by a pathologist blinded to the treatment. Histological severity of acute colitis of DSS-treated mice was determined using a combined score of crypt damage (0 -4), polymorphonuclear neutrophil (PMN) infiltrate (0 -3), edema (0 -3), erosion/ulceration (0 -3), and epithelial regeneration (0 -3). Histological score for transfer model mice was a combined score of crypt damage (0 -4), acute inflammatory cell infiltrate (0 -4), edema (0 -4), erosion/ulceration (0 -4), chronic inflammatory cell infiltrate (0 -2), epithelial regeneration (0 -3), and crypt distortion/branching (0 -3).
Isolation of lamina propria cells and flow cytometry. Colons were removed, washed in PBS with 5% penicillin-streptomycin, cut into small pieces, and incubated with Ca 2ϩ -and Mg 2ϩ -free HBSS containing 0.002 mol/l EDTA for 12 min with gentle agitation to remove epithelial cells. Tissue pieces were then incubated while being shaken in complete medium containing 5% FCS, 0.02 mol/l HEPES, Lglutamine, 5% penicillin and streptomycin with 1 mg/ml collagenase, and 1.5 mg/ml dispase in RPMI 1640 at 37°C for 60 min. The supernatant was centrifuged and the pellet was washed two times with RPMI 1640 containing 5% penicillin and streptomycin. Lamina propria cells were isolated by lymphocyte separation medium (Mediatech, Manassas, VA) density gradient centrifugation (800 g for 20 min) and collected at the interface. Dendritic cells were then isolated from lamina propria cells by positive selection magnetic sorting using anti-CD11c MACS beads (Miltenyi Biotec). Isolated CD11cϩ cells were counted and stained with anti-mouse APC-Cy7-CD45, FITCCD11b, APC-CD8, and PE-CD103 (eBioscience, San Diego, CA) for 30 min at 4°C. The purity of isolated CD11cϩ dendritic cells was greater than 98% by FACS analysis. Cells were washed in PBS and analyzed by flow cytometry using FACSDiva software (BD Biosciences, San Jose, CA).
Immunofluorescent studies. Lamina propria macrophages were identified by CD68 staining. Paraffin embedded sections were incubated with 0.1% trypsin (Sigma) CaCl 2 dissolved in 0.05 M Tris ⅐ HCl, pH 7.6 for 15 min at 37°C. Subsequently sections were blocked in 5% skim milk for 1 h and then incubated with rat anti-CD68 antibody (1:50, MCA1957S, Serotec, Raleigh, NC) overnight at 4°C. After being washed in PBS, sections were incubated with TRITC-conjugated rabbit anti-rat IgG (1:200, Sigma) for 1 h at room temperature. Slides were viewed on a Nikon eclipse E600 immunofluorescence microscope (Nikon, Melville, NY) and photographs were taken with a digital camera using Spot Advanced software program (Diagnostic Instruments, Sterling Heights, MI) and imported into Adobe Photoshop software (Adobe, San Jose, CA) for analysis. The number of CD68-positive cells infiltrating the lamina propria was counted at a magnification of ϫ400.
Real-time PCR. One milligram of total RNA isolated with RNA Bee (Tel-Test, Friendwood, TX) was used as the template for singlestrand cDNA synthesis utilizing the Transcriptor First Strand cDNA synthesis kit (Roche, Indianapolis, IN) according to the manufacturer's instructions. Quantitative real-time PCR was performed for CCL2, CCL20, CX 3CL1, COX-2, amphiregulin, and ␤-actin SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) with the standard SYBR Green setting of 7900HT.
The primers used in this study are as follows (5Ј to 3Ј direction), for mouse CCL2: sense primer, GCT GGA GCA TCC ACG TGT T, antisense primer ATC TTG CTG GTG AAT GAG TAG CA; for mouse CCL20: sense primer, GGT GGC AAG CGT CTG CTC, antisense primer, GCC TGG CTG CAG AGG TGA; for mouse CX 3CL1: sense primer, CAG CAG TGA CCG GAT CAT CTC, antisense primer, TGC TCT GAG GCT TAG CCG TAA; for mouse COX-2: sense primer, AAG GAA CTC AGC ACT GCA TCC, antisense primer, ACA GGG ATT GGA ACA GCA AGG A; for mouse amphiregulin: sense primer, TGT CAC TAT CTT TGT CTC TGC CAT, antisense primer, AGC CTC CTT CTT TCT TCT GTT TCT; for mouse ␤-actin: sense primer, ATG ACC CAG ATC ATG Mice were injected intraperitoneally (ip) at the indicated time points. B: mice treated with anti-TLR4 antibody had reduced severity of colitis as measured by disease activity index (DAI). Data represent means Ϯ SE of 3 independent experiments with a total of 24 mice (n ϭ 15 for anti-TLR4 and n ϭ 9 for isotype control-treated mice). *P Ͻ 0.05. C: bacterial translocation as measured by culture of mesenteric lymph nodes (MLNs) on indicated media from anti-TLR4-treated (n ϭ 4) and isotype-treated (n ϭ 4) mice. Data represent means Ϯ SE of 2 independent experiments. CFUs, colony-forming units; TSA, Trypticase soy agar; ANA, anaerobic with PEA; NS, not significant.
TTT G, antisense primer, TAC GAC CAG AGG CAT ACA. The amplification results were analyzed by use of SDS 2.2.1 software (Applied Biosystems, Foster City, CA) and the gene of interest was normalized to the corresponding ␤-actin results.
Enzyme-linked immunosorbent assay. To conduct ex vivo colonic tissue cultures, colonic samples were washed in cold PBS containing penicillin, streptomycin, and Fungizone (100 U/ml each), and 100 mg of tissue fragments from each part of the colon were cultured in 12-well flat-bottom plates in 1 ml of serum-free RPMI 1640 at 37°C. Supernatants were harvested after 24 h. Enzyme-linked immunosorbent assays were performed to measure TNF-␣ (eBioscience), IL-6, and IFN-␥ (BD Bioscience) per the manufacturer's instructions.
Assessment of epithelial cell proliferation. Colonic tissue sections were examined for cell proliferation by bromodeoxyuridine (BrdU) labeling. Mice were injected with 120 mg/kg of BrdU (Sigma) ip, 90 min prior to euthanasia, and colonic tissues was stained for BrdU by use of a BrdU staining kit (Zymed Laboratories, South San Francisco, CA) according to the manufacturer's instructions. The number of BrdU-positive cells per well-oriented crypt was calculated in every three crypts for each colon segment at high magnification (ϫ400) under light microscopy.
Measurement of PGE 2. Production of PGE2 in the tissue culture supernatant was determined by using a monoclonal EIA kit (Cayman, Ann Arbor, MI) according to the manufacturer's instructions and as described previously (21) . Briefly, colonic samples were washed in cold PBS containing penicillin, streptomycin, and Fungizone (100 U/ml each), and 100 mg of tissue fragments from each part of the colon was cultured for 24 h in 12-well flat-bottom plates in serum free RPMI 1640. Culture supernatants were harvested for PGE 2 measurement.
Bacterial cultures. MLNs were removed under sterile conditions. Samples were weighed and prepared using a sterile grinder in 1 ml of sterile PBS, and then plated onto Trypticase soy agar with 5% sheep blood (TSA II), and MacConkey agar (BBL Becton Dickinson, Franklin Lakes, NJ). Anaerobic culture was performed using the CDC ANA BLD W/PEA plate and GasPak EZ anaerobe container system (BBL Becton Dickinson). Cultures were incubated at 37°C and examined at 24-h intervals for 3 days. Any bacterial growth was quantified and identified using The Dade MicroScan System (Dade MicroScan, West Sacramento, CA).
Statistical analysis. Data were presented as mean values Ϯ SE. The significance was analyzed by Student's t-test. P values were considered significant when Ͻ0.05.
RESULTS

Blocking TLR4 ameliorates acute DSS-induced colitis.
Innate immune signaling may contribute to the initiation and perpetuation of colitis. TLR4 expression is increased in mouse intestinal epithelial cells and lamina propria cells during DSSinduced colitis (51) . We reasoned that TLR4 might be critical for the induction of acute inflammation. To address this question, we used a DSS model of colitis. In this model, we have observed development of clinical symptoms within 1 day of DSS treatment. We therefore looked at the effect of early administration of a blocking antibody on the earliest signs of colitis (Fig. 1A) . At 1 and 2 days after induction of colitis, antagonizing TLR4 reduced the signs of colitis (Fig. 1B) . Anti-TLR4-treated mice had less rectal bleeding and increased stool consistency compared with isotype-treated mice. There was no short-term difference in body weight during DSS treatment when comparing the two groups. At day 7 of DSS, there was a modest improvement in clinical signs of colitis in anti-TLR4-treated mice. These data suggest that blocking TLR4 improves the acute clinical manifestations of colitis.
We previously demonstrated that TLR4Ϫ/Ϫ mice have increased bacterial translocation to MLNs compared with wildtype (WT) mice (26) . Given these data, we asked whether blocking TLR4 increased bacterial translocation in DSStreated mice. MLN were cultured after 7 days of DSS. Although anti-TLR4 antibody-treated mice had increased gramnegative and anaerobic bacterial growth compared with isotype control-treated mice, these differences did not reach statistical significance (Fig. 1C) . Bacteria isolated in both groups included Escherichia coli and Proteus mirabilis. It is important to note that the average number of colony-forming units cultured in each group was minimal (less than 10 3 ). These data demonstrate that antagonizing TLR4 did not increase bacterial translocation in the setting of colitis.
TLR4 blockade reduces proinflammatory cytokines. TLR4 signaling results in the production of proinflammatory cytokines that are increased in the intestinal mucosa of patients with IBD, including TNF-␣, IL-6, and IFN-␥ (53). These cytokines are also upregulated during DSS colitis (15, 49) . We sought to determine whether TLR4 blockade attenuates DSSinduced colitis by inhibiting proinflammatory cytokine production. ELISAs were used to measure the levels of TNF-␣, IL-6, and IFN-␥ in colon culture supernatants collected at day 7 of DSS treatment. Mice treated with anti-TLR4 antibody had decreased colonic production of TNF-␣ and IL-6 compared with controls (Fig. 2) . Levels of TNF-␣ present in supernatants harvested from colon cultures were significantly lower in anti-TLR4 antibody-treated mice (141.5 Ϯ 16.3 pg/ml vs. 336 Ϯ 53.8 pg/ml, P Ͻ 0.01). A more modest but significant reduction in IL-6 was also seen with TLR4 blockade (4,816 Ϯ 145.5 pg/ml vs. 5,850.4 Ϯ 144.4 pg/ml, P Ͻ 0.01). In contrast, no significant difference was seen in the production of IFN-␥ (894.2 Ϯ 120.5 pg/ml vs. 973.8 Ϯ 587.3, P ϭ 0.34). These results suggest that TLR4 signaling contributes to the production of TNF-␣ and IL-6 but less so to IFN-␥ levels during DSS-induced colitis.
Blockade of TLR4 signaling decreases the recruitment of APCs to the colon. TLR4 signaling is a key mediator in the recruitment of inflammatory cells to the colon (24, 26, 41) . DSS colitis is characterized by marked inflammation and ulceration of the colonic mucosa (12) . We therefore evaluated the effect of anti-TLR4 antibody on the histology of acute colitis in H&E sections. On day 2 of DSS treatment, anti-TLR4 antibody-treated mice had no evidence of histological damage whereas animals treated with the isotype control antibody had some crypt damage and PMN infiltrate (total score: 0 vs. 0.17 Ϯ 0.09, P ϭ 0.08, maximum score: 16). However, by day 7 there was no difference in the colitis severity on histology. Anti-TLR4-and isotype-treated mice also had similar numbers of PMNs per high-power field (data not shown).
To understand the mechanism for the protective effect of TLR4 blockade in DSS colitis, we looked more closely at specific cell types in the colon. Our laboratory has found that TLR4Ϫ/Ϫ mice have impaired recruitment of dendritic cells (unpublished observations) and previously demonstrated that TLR4Ϫ/Ϫ mice have decreased recruitment of macrophages to the lamina propria (24, 26) . Furthermore, transgenic mice that overexpress TLR4 in the intestinal epithelium have increased recruitment of dendritic cells to the lamina propria (62) . We hypothesized on the basis of our previous data that inhibiting TLR4 would decrease recruitment of dendritic cells and mac-rophages. To answer this question, lamina propria dendritic cell and macrophages were evaluated using magnetic sorting for CD11cϩ cells and immunofluorescence for CD68, respectively.
Dendritic cell infiltrate in the lamina propria was determined at day 2 and day 7 of DSS administration in mice injected with anti-TLR4 antibody or isotype control ( Table 1 ). The total number of lamina propria cells and dendritic cells isolated from the colon increased from day 2 to day 7 of DSS colitis, suggesting increasing levels of inflammation with continued DSS treatment. TLR4 blockade significantly reduced the percentage of dendritic cells present in the lamina propria at day 2 when comparing antibody-and isotype-treated mice (3.4 Ϯ 0.7 vs. 8.7 Ϯ 0.4%, P Ͻ 0.05).
We next evaluated for changes in macrophage infiltrate. Mice treated with anti-TLR4 antibody according to the treatment schedule in Fig. 1A had reduced numbers of lamina propria macrophages (Fig. 3, A and B) . On day 2 of DSS treatment, both anti-TLR4-and isotype-treated mice had significant increases in the macrophage infiltrate compared with baseline levels at day 0. However, at days 2 and 7, anti-TLR4-treated mice had a significant reduction in macrophages in the colonic lamina propria compared with controls (Fig. 3, A and B) .
These results suggest that TLR4 signaling plays an important role in the recruitment of lamina propria dendritic cells and macrophages during the induction of colitis. In contrast, no effect was seen on PMN infiltrate, which may explain the lack of bacterial translocation following anti-TLR4 treatment.
TLR4 signaling directs chemokine expression involved in APC recruitment to the colon. To understand the mechanism for decreased APC recruitment in mice treated with anti-TLR4 antibody, we analyzed the expression of chemokines involved in the chemotaxis of monocytes. Specifically, we examined mucosal expression of CCL2, CCL20, and CX 3 CL 1 mRNA by real-time PCR.
TLR4 blockade resulted in a decrease in the mucosal expression of CCL2 and CCL20 following DSS treatment at both day 2 and day 7 (Fig. 4) . No statistically significant change was evident in the expression of CX 3 CL 1 . This dampening of the monocyte-attracting chemokines CCL2, CCL20, and CX 3 CL 1 may underlie the reduced numbers of dendritic cells and macrophages seen in the lamina propria of anti-TLR4 antibody-treated mice. These results suggest that TLR4 signaling contributes to the production of chemokines important in the recruitment of macrophages and dendritic cells.
Blockade of TLR4 during recovery from DSS-induced colitis impairs mucosal healing.
We have previously characterized the role of TLR4 in mucosal healing using TLR4Ϫ/Ϫ mice (24, 25) . We sought to determine the effect of short-term blockade of TLR4 on mucosal repair. To understand how TLR4 inhibition affects mucosal healing, mice were allowed to recover from DSS-induced colitis for 7 days. Anti-TLR4 antibody or an isotype control was injected ip at day 7 and day 10 of DSS with euthanasia on day 14 (Fig. 5A) . DAI was used to assess clinical recovery from colitis. Anti-TLR4-and isotype- Fig. 2 . Inhibition of TLR4 decreases production of proinflammatory cytokines. Mucosal production of cytokines at day 7 of DSS treatment was measured by ELISA using colon culture supernatants. 100 mg of tissue fragments from each part of the colon were cultured for 24 h in 1 ml of serum-free RPMI 1640 from anti-TLR4-treated (n ϭ 9) and isotype-treated (n ϭ 8) mice. Data represent mean values Ϯ SE of supernatants measured in duplicate wells from 3 independent experiments. *P Ͻ 0.05. Data represent means Ϯ SE of 3 mice per group. Magnetic sorting for CD11cϩ cells was used to determine the number and percentage of dendritic cells (DCs) present in the total lamina propria (LP) cell population. Day 2 and day 7 correspond to the treatment schedule in Fig. 1A . P values are for % DCs in the LP. treated mice had no significant difference in DAI during the recovery phase through day 14 (1.28 Ϯ 0.19 vs. 1.33 Ϯ 0.23, P ϭ 0.42, maximum score: 4) (Fig. 5B) . However, TLR4 blockade appeared to be associated with a slightly higher mortality rate during the recovery phase with survival rates of 50% in the anti-TLR4 antibody-treated group and 60% in the isotype control group at day 14.
Histological assessment of the distal colon, proximal colon, and cecum was carried out at day 14. Anti-TLR4 antibodytreated mice had significantly more mucosal damage at day 14 than isotype control-treated mice (total score: 10.96 Ϯ 0.99 vs. 5.92 Ϯ 1.63, P Ͻ 0.05, maximum score: 16) suggesting a defect in mucosal healing in anti-TLR4-treated mice (Fig. 5, C  and D) . Specifically, anti-TLR4 antibody-treated mice had significantly worse crypt damage (2.58 Ϯ 0.25 vs. 1.17 Ϯ 0.4, P Ͻ 0.05, maximum score: 4) and necrosis and ulceration (2.58 Ϯ 0.25 vs. 1.7 Ϯ 0.4, P Ͻ 0.05) compared with controls (Fig. 5, C and D) .
We sought to determine whether this defect in mucosal healing was due to impaired epithelial proliferation and decreased mucosal COX-2, PGE 2 , and amphiregulin. The BrdU labeling index demonstrated that antibody-treated mice had significantly reduced epithelial proliferation compared with isotype-treated mice (BrdU-positive cells per crypt: 6.5 Ϯ 0.16 vs. 8.4 Ϯ 0.34, P Ͻ 0.01) (Fig. 5, E and F) . Mucosal expression of COX-2 was significantly decreased in anti-TLR4 antibody-treated mice at day 14 (relative value: 841.7 Ϯ 367.6 vs. 2,267.4 Ϯ 614.7, P Ͻ 0.05) (Fig. 6A) . This decrease in COX-2 expression was associated with significantly reduced mucosal levels of PGE 2 (pg/mg tissue: 2,104.5 Ϯ 632.5 vs. 7,106.4 Ϯ 537.9, P Ͻ 0.01) (Fig. 6B) . We previously demonstrated that LPS induces expression of another mediator of epithelial repair, the EGFR ligand amphiregulin, in an intestinal epithelial cell line and that this process is dependent on TLR4 signaling (25) . We therefore sought to determine whether TLR4 blockade reduced mucosal levels of amphiregulin in addition to COX-2 and PGE 2 . Indeed, amphiregulin expression was also significantly reduced at day 14 with anti-TLR4 treatment (relative value: 74 Ϯ 37.2 vs. 611.5 Ϯ 256.8, P Ͻ 0.05) (Fig. 6C) . These results suggest that TLR4 blockade impairs recovery from DSS-induced mucosal damage by inhibiting production of COX-2, PGE 2 , and amphiregulin.
TLR4 blockade has a minimal effect in a T cell-dependent model of colitis. The adoptive transfer model of colitis is a model of chronic colitis induced by pathogenic, effector T cells responding to luminal bacterial antigens (19) . We and others have previously demonstrated that T cells express TLRs, including TLR4, and that naive T cells from MyD88Ϫ/Ϫ mice, which lack TLR signaling, are defective in their ability to induce colitis in RAG1Ϫ/Ϫ mice (10, 23, 37, 80) . We therefore sought to investigate whether TLR4 blockade ameliorates colitis in the adoptive transfer model. We transferred CD4 ϩ CD62L ϩ T cells from WT mice into RAG1Ϫ/Ϫ mice to induce colitis and injected mice with either anti-TLR4 antibody or isotype control at the indicated time points (Fig. 7A) . Transfer model mice developed signs of wasting disease compared with RAG1Ϫ/Ϫ mice that did not receive transferred T cells as measured by percent body weight loss (Fig. 7B) . Although anti-TLR4-treated mice appeared to maintain a higher body weight than isotype-treated mice, this difference was not statistically significant (Fig. 7B) . Histological examination of mouse colons demonstrated that transfer mice had developed mild to moderate chronic colitis. Anti-TLR4-treated mice had slightly worse mucosal damage, although the difference was modest and not statistically significant (Fig. 7, C and  D) . These results suggest that TLR4 blockade is minimally effective at ameliorating clinical signs of colitis in a murine model of dysregulated adaptive immunity.
DISCUSSION
Current treatment strategies for IBD involve broadly inhibiting the immune system. However, more targeted biological immunotherapy has recently shown great clinical efficacy in ameliorating the inflammation of IBD. Dysregulated innate immune responses to commensal bacteria contribute to the pathogenesis of IBD. The inflammatory pathways underlying these exuberant innate responses to luminal flora present a host of possible therapeutic targets for IBD. TLR4 is a key mediator of innate immune responses and its expression is upregulated in the intestinal mucosa of patients with IBD. In addition, TLR4 is upstream of the production of many inflammatory mediators important in IBD. Our findings demonstrate that blockade of TLR4 signaling during DSS-induced murine colitis can reduce intestinal inflammation by reducing APC recruitment and attenuating proinflammatory chemokine and cytokine production. However, TLR4 blockade during recovery from DSS colitis may impair mucosal healing by reducing mediators of intestinal repair and homeostasis. Lastly, anti-TLR4 treatment appears to have minimal efficacy in ameliorating inflammation in a T cell-dependent model of chronic colitis.
To inhibit TLR4 signaling, we utilized an antagonist antibody targeting the TLR4/MD-2 complex that had previously been shown to increase survival in a murine model of sepsis and reduce the production of IL-6 and TNF-␣ (67). Previous studies have suggested that targeting MD-2 in Fig. 4 . TLR4 signaling contributes to expression of chemokines involved in the recruitment of antigen presenting cells (APCs). Real-time PCR results for mucosal expression of CCL20, CCL2, and CX3CL1 in anti-TLR4 antibody-treated (day 2: n ϭ 3; day 7: n ϭ 9) and isotype control-treated (day 2: n ϭ 3; day 7: n ϭ 8) mice. Data are presented as mean Ϯ SE relative values of expression from 2 independent experiments with duplicate samples. Day 2 and day 7 correspond to the treatment schedule in Fig. 1A . *P Ͻ 0.05. addition to TLR4 is likely to be the most efficacious strategy for inhibiting TLR4 signaling since MD-2 is necessary for LPS binding (73) . Furthermore, early clinical trials with healthy volunteers and in patients undergoing coronary bypass or valve surgery demonstrated that the TLR4 antagonist E5564 was safe and well tolerated (5, 78) . These findings suggest that TLR4 blockade is a potential clinical therapeutic option for IBD.
In our study, anti-TLR4 treatment had a protective effect in acute murine colitis, delaying the development of signs of colitis with reduced clinical severity at day 7 of DSS treatment. These results suggest that TLR4 blockade may be most effective when administered during the induction or early stages of intestinal inflammation or early in a flare of disease. Studies have suggested that TLR4 may be upregulated during inactive IBD, so anti-TLR4 treatment may therefore also be helpful in maintenance therapy (9, 22) . One previous study demonstrated that blocking TLR4 signaling in vivo with a lipid A analog reduced the severity of colitis after 7 days of DSS administration (20) . However, that study only examined gross clinical measures such as DAI and did not specifically characterize alterations in the inflammatory infiltrate or cytokine and chemokine production. In addition, the potential effects of TLR4 blockade on epithelial proliferation and mucosal repair were not addressed. We have now demonstrated potential mechanisms for the protective effect of TLR4 blockade in DSS colitis and investigated potential side effects of anti-TLR4 treatment.
One mechanism for the reduced clinical severity of DSSinduced colitis in anti-TLR4-treated mice appears to be decreased recruitment of APCs, specifically dendritic cells and macrophages, to the colon. APCs are pivotal in the initiation and maintenance of intestinal inflammation and have been implicated in the pathogenesis of IBD (11, 61) . Patients with IBD have greater numbers of dendritic cells in the inflamed colonic mucosa (70, 74) . Disease severity during IBD flares correlates with a significant drop in blood dendritic cells that are likely to have migrated to the gut (4). Furthermore, greater numbers of dendritic cells in the colonic mucosa of patients with ulcerative colitis are associated with more severe disease, as measured by crypt inflammation, crypt atrophy, and mononuclear cell infiltration (77) . A study by Berndt et al. (6) used the DSS model of colitis in C57BL/6 mice to study the contribution of dendritic cells to the development of intestinal inflammation. The magnitude of the dendritic cell infiltrate appeared to have a significant impact on colitis severity. DSS colitis worsened when the percentage of dendritic cells present in the colon was increased from 0.95 to 2.3% through adoptive transfer of bone marrow-derived dendritic cells. In contrast, depletion of dendritic cells ameliorated colitis severity. Another study using the DSS model demonstrated that the calcitriol analog ZK191784 ameliorated colitis by reducing dendritic cell recruitment to the colon (68). Our results provide further evidence that the magnitude of the cell infiltrate in the lamina propria may significantly affect inflammation. The most dramatic differences in DAI in our study were during the first 2 days of DSS colitis when anti-TLR4 treatment reduced the percentage of dendritic cells in the lamina propria from 8.7 to 3.4%. Therefore, inhibition of dendritic cell recruitment to the colon appears to ameliorate intestinal inflammation.
Macrophages also appear to be significant contributors to the inflammatory process in IBD. Under normal steady-state conditions, resident intestinal macrophages display inflammatory anergy (42, 66) . However, during IBD it appears that peripheral monocytes with an inflammatory profile are recruited to the intestine (1, 8, 44, 59) . Previous studies utilizing mouse Fig. 5 . TLR4 blockade during recovery from DSS colitis impairs mucosal healing and epithelial proliferation. A: treatment schedule for anti-TLR4 antibody and isotype control during recovery from DSS colitis. Mice were injected intraperitoneally (ip) at the indicated time points. B: there were no clinical differences between mice treated with anti-TLR4 antibody or isotype control during recovery from DSS colitis as measured by DAI. Data represent the mean Ϯ SE of 2 independent experiments with a total of 22 mice (n ϭ 12 for anti-TLR4 and n ϭ 10 for isotype control-treated mice). C: histological assessment of colitis severity in anti-TLR4 antibody-and isotype control-treated mice. Data represent the mean histological score Ϯ SE for mice from 2 independent experiments (n ϭ 4 for anti-TLR4 and n ϭ 4 for isotype). Anti-TLR4 antibody-treated mice failed to recover from DSS-induced damage with higher total histological damage scores at day 14. Specifically, whereas isotype control mice had begun to repair mucosal damage caused by DSS, the anti-TLR4 antibody-treated mice had persistent crypt damage and ulceration at day 14. *P Ͻ 0.05. D: representative microscopic pictures of hematoxylin and eosin (H&E) staining of colon sections from anti-TLR4 antibody and isotype control-treated mice. Arrows indicate areas of persistent crypt damage and ulceration in an anti-TLR4-treated mouse colon section. E: epithelial proliferation was measured by bromodeoxyuridine (BrdU) labeling index (number of BrdU-positive cells per crypt at ϫ400 magnification). Data represent means Ϯ SE for mice from 2 independent experiments (n ϭ 4 for anti-TLR4 and n ϭ 4 for isotype). *P Ͻ 0.05. F: representative photo of immunohistochemical staining of incorporated BrdU into colonic epithelium. Proliferating cells labeled with BrdU have brown nuclei as indicated by the arrows. ELISA results for PGE2 levels in colon culture supernatants from anti-TLR4 antibody-treated (n ϭ 4) and isotype control-treated (n ϭ 4) mice at day 14. Data represent mean values Ϯ SE of supernatants measured in triplicate from 2 independent experiments. *P Ͻ 0.05. C: real-time PCR results of mucosal expression of amphiregulin in anti-TLR4 antibody-treated (n ϭ 4) and isotype control-treated (n ϭ 4) mice at day 14. Data are presented as mean Ϯ SE relative values of expression from 2 independent experiments with duplicate samples. *P Ͻ 0.05. models of colitis have demonstrated reduced intestinal inflammation with decreased macrophage recruitment (41, 71, 76) . Mouse models of colitis in which macrophages were selectively depleted have shown reduced inflammation although some studies have had conflicting results (57, 76) . In our study, anti-TLR4 antibody-treated mice had fewer macrophages in the lamina propria. TNF-␣, which has been shown to be major contributor to the pathogenesis of IBD, is largely produced by macrophages in the intestine (31) . The decreased numbers of lamina propria macrophages seen in the anti-TLR4 group may therefore potentially account for the lower production of TNF-␣ seen in anti-TLR4-treated mice. Interestingly, one of the mechanisms that makes anti-TNF-␣ treatment effective in IBD patients is likely to be depletion of monocytes and macrophages (61) .
In contrast to our previous findings in TLR4Ϫ/Ϫ mice, anti-TLR4-treated mice did not have a reduction in PMN infiltrate. The similar numbers of PMNs seen in anti-TLR4-and isotype-treated groups may account for the absence of bacterial translocation in anti-TLR4-treated mice and may ϩ CD62L ϩ T cells were injected ip into RAG1Ϫ/Ϫ mice at day 0 of week 1. Mice were then injected ip at the indicated time points with either anti-TLR4 antibody or isotype control and euthanized at the end of 5 wk. B: anti-TLR4 treatment does not result in significant clinical differences. Graph shows percent body weight change. Data represent the average Ϯ SE of 2 independent experiments with a total of 18 mice (n ϭ 9 for anti-TLR4 and n ϭ 9 for isotype-treated mice). Top line represents normal growth of control RAGϪ/Ϫ mice that did not undergo T cell transfer (n ϭ 4). C: histological assessment of colitis severity in anti-TLR4 antibody and isotype control-treated mice. Data represent the mean histological score Ϯ SE for mice from 2 independent experiments (n ϭ 4 for anti-TLR4 and n ϭ 4 for isotype). Anti-TLR4-treated mice have slightly worse colitis on histology. D: representative microscopic pictures of H&E staining of colon sections from anti-TLR4 antibody and isotype control-treated mice.
therefore mitigate the risk of infection with anti-TLR4 therapy. When comparing the present study to our previous work using TLR4Ϫ/Ϫ mice we believe that differences between TLR4Ϫ/Ϫ mice and the anti-TLR4-treated mice are likely due to the degree of suppression of TLR4 signaling in the two models (24, 26) . Whereas TLR4Ϫ/Ϫ mice have a complete lack of signaling, anti-TLR4 antibody treatment dampens signaling but does not abolish it. In previous experiments, 1A6 decreased TLR4 signaling by 60 -70% as measured by NF-B luciferase activity and TNF-␣ production in LPS stimulated murine macrophages (67) . Our results may therefore point to a difference between a complete lack of TLR4 vs. dampening of TLR4 signaling. It appears that a minimal level of TLR4 signaling is needed to trigger a robust PMN response whereas higher levels of TLR4 signaling are needed to recruit greater numbers of APCs to the lamina propria.
Aberrant chemokine production may contribute to the uncontrolled influx of inflammatory cells seen in the intestine of IBD patients (81) . CCL2, monocyte-chemotactic protein 1 (MCP-1), is involved in the recruitment of macrophages to the intestine and has been shown to be TLR4 dependent (30, 41, 65) . CCL20 (macrophage inflammatory protein-3␣) and CX 3 CL 1 (fractalkine) contribute to the recruitment of dendritic cells to inflamed tissues (2, 13, 16, 32, 75) . CCL20 may also influence the recruitment of macrophages to inflamed tissues (60) . Our results suggest that TLR4 signaling contributes to dendritic cell and macrophage infiltrates by influencing the production of chemokines such as CCL2, CX 3 CL 1 , and CCL20.
TNF-␣ production is increased during DSS-induced colitis and TLR4 appears to be a key contributor to TNF-␣ expression (15, 49) . IL-6 and IFN-␥ are also upregulated in response to DSS treatment (14, 15, 33, 39) . The importance of these cytokines has been further elucidated through knockout mouse experiments in which IL-6Ϫ/Ϫ and IFN-␥Ϫ/Ϫ mice developed less severe inflammation during DSS colitis (38, 46) . Therefore, the reduced production of TNF-␣ and IL-6 seen in anti-TLR4-treated mice provides an additional mechanistic explanation for the amelioration of inflammation seen with TLR4 blockade. This dampened cytokine production may be due to a decrease in local APC production as well as due to fewer lamina propria APCs.
To gain an understanding of the potential limitations of anti-TLR4 therapy, we also investigated the effects of TLR4 blockade on mucosal healing. We and others have previously demonstrated that TLR4Ϫ/Ϫ mice have defects in mucosal healing with decreased epithelial proliferation (26, 58) . The mechanism underlying this phenotype appears to be decreased expression of COX-2, PGE 2 , and amphiregulin (24, 25) . Our results indicate that TLR4 inhibition during recovery from DSS-induced injury reduces the capacity for mucosal healing. Anti-TLR4-treated mice were impaired in their ability to repair the severe crypt damage and ulceration caused by DSS. This was associated with reduced mucosal expression of key mediators of cell proliferation and mucosal repair: COX-2, PGE 2 , and amphiregulin. These findings suggest that the timing of TLR4 blockade may be critical to dampen inflammation without negatively affecting mucosal homeostasis. For example, anti-TLR4 therapy may need to be avoided during times of intestinal healing such as periods immediately following flares.
In contrast to the DSS model results, TLR4 blockade appears to have minimal efficacy in ameliorating inflammation in the transfer model of T cell-mediated chronic colitis. This suggests that TLR4 is more important in modulating acute inflammation than it is in maintaining chronic colitis. We have previously seen that T cells from MyD88Ϫ/Ϫ mice, which lack signaling from multiple TLRs, cannot induce as robust a colitis in RAG1Ϫ/Ϫ mice as T cells from WT mice (23) . The findings from our transfer model experiments suggest that signaling through other inflammatory mediators or through TLRs other than TLR4 is sufficient to maintain chronic inflammation. TLR4 activation is upstream in the inflammatory cascade so it may be that, once chronic inflammation is established, other pathways can perpetuate colitis. Our finding that anti-TLR4-treated mice appeared to maintain a higher body weight and have less wasting disease is consistent with previous reports indicating a role for TLR4 in the regulation of metabolism (63) . Interestingly, anti-TLR4-treated mice in the transfer model had slightly worse mucosal damage on histology, mirroring the results seen when blocking TLR4 during recovery from DSS colitis, although the effect was not as marked.
In conclusion, our results demonstrate the potential of TLR4 as a therapeutic target in IBD. TLR4 blockade may offer improvement in the uncontrolled inflammation of IBD by reducing APC infiltrate and proinflammatory chemokine and cytokine production. However, the timing of such blockade will have to be carefully orchestrated since treatment during recovery from acute colitis may impair mucosal healing.
